I
n chronic myeloid leukemia, resistance against BCR-ABL1 tyrosine kinase inhibitors can develop because of BCR-ABL1 mutations, activation of additional pro-oncogenic pathways, and stem cell resistance. Drug combinations covering a broad range of targets may overcome resistance. CDDO-Me (bardoxolone methyl) is a drug that inhibits the survival of leukemic cells by targeting different pro-survival molecules, including STAT3. We found that CDDO-Me inhibits proliferation and survival of tyrosine kinase inhibitor-resistant BCR-ABL1 + cell lines and primary leukemic cells, including cells harboring BCR-ABL1 T315I or T315I + compound mutations. Furthermore, CDDO-Me was found to block growth and survival of CD34 + /CD38
− leukemic stem cells (LSC). Moreover, CDDO-Me was found to produce synergistic growthinhibitory effects when combined with BCR-ABL1 tyrosine kinase inhibitors. These drug-combinations were found to block multiple signaling cascades and molecules, including STAT3 and STAT5. Furthermore, combined targeting of STAT3 and STAT5 by shRNA and STAT5-targeting drugs also resulted in synergistic growth-inhibition, pointing to a new efficient concept of combinatorial STAT3 and STAT5 inhibition. However, CDDO-Me was also found to increase the expression of heme-oxygenase-1, a heat-shock-protein that triggers drug resistance and cell survival. We therefore combined CDDO-Me with the heme-oxygenase-1 inhibitor SMA-ZnPP, which also resulted in synergistic growth-inhibitory effects. Moreover, SMA-ZnPP was found to sensitize BCR-ABL1 + cells against the combination 'CDDO-Me+ tyrosine kinase inhibitor'. Together, combined targeting of STAT3, STAT5, and heme-oxygenase-1 overcomes resistance in BCR-ABL1 + cells, including stem cells and highly resistant sub-clones expressing BCR-ABL1 T315I or T315I-compound mutations. Whether such drug-combinations are effective in tyrosine kinase inhibitor-resistant patients with chronic myeloid leukemia remains to be elucidated. 
Introduction
Chronic myeloid leukemia (CML) is a stem cell disease characterized by the reciprocal translocation t(9;22) that creates the BCR-ABL1 oncoprotein, a major driver of disease evolution. [1] [2] [3] Most patients with chronic phase (CP) CML achieve long-lasting cytogenetic and molecular responses when treated with the BCR-ABL1 tyrosine kinase inhibitor (TKI) imatinib. [4] [5] [6] However, resistance against imatinib occurs in a substantial number of patients. Several molecular mechanisms, including BCR-ABL1 mutations, may contribute to TKI resistance in CML. Indeed, BCR-ABL1 mutations are identified in more than 50% of all resistant patients. 7, 8 For these patients, 2 nd   -and 3 rd -generation TKI, including nilotinib, dasatinib, bosutinib, and ponatinib, are available and have shown beneficial effects. [9] [10] [11] [12] Using these drugs, it is now possible to cover most of the known BCR-ABL1 mutations detected in TKI-resistant CML. Ponatinib, a 3 rd -generation BCR-ABL1 TKI, induces growth-inhibitory effects in TKI-resistant patients even if T315I is expressed. 12 However, not all mutant forms of BCR-ABL1 are responsive to ponatinib. Moreover, it has been described that additional (multiple) mutations in BCR-ABL1, especially T315I-including compound mutations, confer resistance against ponatinib. 13 Furthermore, resistance against TKI may occur independ-
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haematologica | 2017; 102(9) -ABL1 and/or hyper-activation of additional prooncogenic signaling networks and molecules, such as  AKT, mTOR, MEK, STAT3, STAT5, JAK2, or SRC kinases,  have been described. 14-18 These molecules and pathways are often spared by the TKI used and can, therefore, contribute to drug resistance. [14] [15] [16] [17] [18] [19] [20] Recently, several targeting approaches have been proposed with the aim of overcoming TKI resistance in advanced CML. One option may be to apply combinations of targeted drugs in order to cover a larger spectrum of relevant targets in TKI-resistant cells.
CDDO-Me (bardoxolone methyl) is an oleanane triterpenoid that has been described as inducing ROS-generation and to suppress a number of survival-related molecules, including AKT, mTOR, MAPK and STAT3, in malignant cells. [21] [22] [23] [24] [25] [26] It has also been reported that CDDO-Me promotes apoptosis in malignant cells in various neoplasms, including CML. [21] [22] [23] [24] [25] [26] Currently, CDDO-Me is tested in clinical trials in patients with diabetic nephropathy, a condition that may improve with CDDO-induced upregulation of the Nrf2-pathway. 27, 28 In addition, CDDO-Me is currently tested in clinical trials in cancer patients. 29 With regard to CML, it has been reported that CDDO-Me counteracts the proliferation of BCR-ABL1 + cell lines by altering mitochondrial function and by inducing autophagy and apoptosis, regardless of the mutation status of BCR-ABL1. 30 So far, the co-operative effects of BCR-ABL1 TKI and CDDO-Me on CML cells have not been analyzed. We hypothesized that, due to the large number of relevant targets blocked by CDDO-Me, this drug would be an optimal combination partner for BCR-ABL1 TKI. For example, CDDO-Me is a potent inhibitor of STAT3, a transcription factor that may play an important role in TKI-resistant CML cells, and is not blocked by BCR-ABL1 TKI. 14, 15, [31] [32] [33] Indeed, recent data suggest that combined targeting of BCR-ABL1 and STAT3 exerts strong anti-leukemic effects in CML cells. 34 Such combined targeting may be achieved by co-applying CDDO-Me and a BCR-ABL1 TKI. However, CDDO-Me is not able to suppress all pathways activated in CML cells. Notably, recent 
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data suggest that exposure of leukemic cells to CDDO-Me results in a substantial increase in heme-oxygenase-1 (HO-1), 30 a major survival factor that has been implicated in drug resistance of CML cells. 35 As a result, HO-1 is considered an additional attractive target in TKI-resistant CML cells, and we hypothesized that combining CDDO-Me with an HO-1-inhibitor can enhance drug efficiency.
SMA-ZnPP is an HO-1 inhibitor that counteracts growth and survival in CML cells and synergizes with imatinib in producing growth inhibition. 36 In the current study, we evaluated drug interactions between CDDO-Me, 2 nd -and 3 rd -generation TKI, and SMA-ZnPP with the aim of enhancing anti-leukemic drug effects in TKI-resistant CML. haematologica | 2017; 102(9) 
Methods
Reagents
Reagents used in this study are described in the Online Supplementary Appendix.
Isolation and culture of primary CML cells
Primary leukemic cells were obtained from the peripheral blood (PB) of 16 patients with CP CML, one patient with myeloid BP, one with mixed myeloid/lymphoid BP, one with lymphoid BP, and one with relapsed BCR-ABL1 + acute lymphoblastic leukemia (ALL). Patients' characteristics are shown in Table 1 . Mononuclear cells (MNC) were isolated and kept in RPMI 1640 medium with 10% fetal calf serum (FCS) and antibiotics (without cytokines) as described. 36 In all samples, cell viability was more than 90%. In 3 donors (CP, n=2; mixed BP, n=1), CD34
− leukemic stem cells (LSC) and CD34 + /CD38
+ progenitor cells were highly purified from MNC by high-speed sorting as reported 37 using PE-conjugated monoclonal antibody (mAb) 581 against CD34, APC-conjugated mAb HIT2 against CD38, and a BD FACSAria (Becton Dickinson, San Jose, CA, USA). Normal bone marrow (BM) MNC were isolated from 7 donors (remission of acute leukemia or lymphoma patients without BM-involvement) after informed consent. Normal CD34 + BM cells were purchased from Lonza (Basel, Switzerland) and maintained in StemSpan Medium (Stemcell Technologies, Vancouver, Canada).
Cell lines
A characterization of cell lines used in this study is shown in Online Supplementary Table S1 .
Evaluation of growth and survival of leukemic cells
Drug-exposed cells (cell lines, primary cells, LSC) were analyzed for proliferation, colony-formation, and survival. The bioassays employed are described in the Online Supplementary Methods.
Western blotting
Cell lines were incubated with CDDO-Me (0.1-1 mM) or ponaCombined targeting of STAT3 and STAT5 in CML haematologica | 2017; 102 (9) 1523 
shRNA-based knockdown experiments
For knockdown of STAT3 or STAT5, shRNA constructs were transduced in K562 and KCL22 using VSV-G pseudotyped lentiviruses, as described previously. 39 The methodology and the shRNA-constructs are described in detail in the Online Supplementary Methods.
Overexpression of STAT3 in K562 cells
pMOWS retroviral vectors containing the coding sequence of GFP and wild-type (wt) STAT3 or an oncogenic mutant-form of STAT3, D661V, were kindly provided by Jürgen Scheller. 40 Production of recombinant VSV-G pseudo-typed retroviruses and transduction of K562 cells were performed as described. 39 After transduction, transfected cells were purified by puromycin-selection (20 ng/mL for 48 h).
Statistical analysis
To determine the significance levels in differences seen between drug-exposed and untreated cells, the Student t-test for dependent samples was applied. P<0.05 was considered statistically signifi- Table S4) . Interestingly, in the human and Ba/F3 cell lines examined, no differences in IC 50 values were seen when comparing TKI-sensitive and TKI-resistant clones, suggesting that BCR-ABL1 mutations did not influence responsiveness against CDDO-Me ( Figure 1A-C) . Growth-inhibition was accompanied by induction of apoptosis in all cell lines examined as demonstrated by flow cytometry ( Figure  1D ). In non-transfected, IL-3-dependent Ba/F3 cells, CDDO-Me also exerted growth-inhibitory effects, but the concentrations required to fully block cell growth were higher compared to that producing growth inhibition in BCR-ABL1 + Ba/F3 cells (Online Supplementary Figure S1 ).
CDDO-Me counteracts proliferation in primary CML cells
Primary PB MNC of 10 patients with newly diagnosed CML (CP: n=9; BP: n=1), 5 CML patients who had developed resistance against one or more TKI (CP: n=4; BP: n=1), 2 CML patients who had discontinued imatinib and relapsed (CP: n=1; BP: n=1), and one patient suffering from ponatinib-resistant BCR-ABL1 + ALL were examined. CDDO-Me was found to suppress the proliferation of primary BCR-ABL1
+ cells in all samples tested, with IC 50 -values ranging between 0.1 and 0.5 mM (Table 1 and Figure 2A ). Drug effects were seen in samples isolated from heavily pre-treated patients with CML, in blast cells obtained from patients with BP (including one with mixed lymphoid/myeloid BP), and in primary ALL blasts harboring BCR-ABL1 T315I/E255K (Table 1 and Figure 2A) . No differences in IC 50 values were observed when comparing newly diagnosed and relapsed patients or cells expressing or lacking BCR-ABL1 mutations (including BCR-ABL1
T315I/E255K
), suggesting that acquired resistance against TKI does not lead to resistance against CDDO-Me (Table  1 and Figure 2A ). In control BM cells, CDDO-Me also exerted growth-inhibitory effects, but the concentrations required to fully block cell growth were higher compared to that producing growth inhibition in CML cells (Online Supplementary Figure S1 ).
CDDO-Me inhibits the proliferation of primary LSC and progenitor cells obtained from patients with CML
Leukemic stem cells exhibit multiple forms of drug resistance. 42 ,43 Therefore, we were interested to learn whether CDDO-Me would also block the proliferation of CML LSC. Indeed, we found that CDDO-Me dose-dependently inhibits the proliferation of highly enriched CD34 + /CD38 − stem cells and CD34 + /CD38 + progenitor cells obtained from patients with CML ( Figure 2B ). In normal CD34
+ stem-and progenitor cells, CDDO-Me produced only weak effects on proliferation (Online Supplementary Figure S1 ). CDDO-Me was also found to induce apoptosis in CML stem-and progenitor cells ( Figure 2C ). Stromal components may protect CML LSC against the effects of CDDO-Me. 20, 44 To address this point, the pro-apoptotic effects of CDDO-Me were analyzed in co-cultures prepared with primary CML cells and murine feeder cells. In these experiments, CDDO-Me was again found to induce apoptosis in the total CML cell compartment as well as in the CD34 + /CD38 − and CD34 + /CD38 + cell fractions (Online Supplementary Figure  S2) . Finally, CDDO-Me was found to inhibit colony-formation of primary CML cells in vitro ( Figure 2D ).
CDDO-Me synergizes with BCR-ABL1-targeting TKI in inhibiting the proliferation of CML cells
In relapsed or TKI-resistant CML, combinations of two or more substances may be required to block both BCR-ABL1-dependent and BCR-ABL1-independent pathways and to achieve long-lasting and stable complete responses in all patients. In this study, we combined CDDO-Me with imatinib, nilotinib, dasatinib, or ponatinib at suboptimal concentrations. These combinations induced synergistic growth-inhibitory effects in all human CML cell lines tested ( Figure 3A and Online Supplementary Figure  S3 ). Synergistic effects of these drug combinations were also observed in Ba/F3 cells expressing various BCR-ABL1 mutations, including T315I and T315I-including compound mutations ( Figure 3B ), whereas no significant effects were seen in untransfected Ba/F3 cells when the same drug concentrations were applied (Online Supplementary Figure S3) . Synergistic drug effects were confirmed by calculating CI values using calcusyn software (Online Supplementary Figure S4) . Synergistic effects of CDDO-Me and ponatinib were also found in primary BCR-ABL1 + cells, including cells isolated from a patient with CML BP and one with BCR-ABL1 T315I/E255K -positive relapsed ALL ( Figure 3C ). Synergistic drug interactions were found in all donors and cell samples, independent of the presence of BCR-ABL1 mutations, and (in case of primary cells) independent of previous treatment. By contrast, only weak effects of this drug combination (CDDOMe+ponatinib) were observed in normal BM cells ( Figure  3C ). In CD34 + /CD38
− stem cells and CD34 + /CD38 + progenitor cells obtained from 3 patients, the combination "CDDO-Me+ponatinib" was found to produce clear cooperative apoptosis-inducing effects ( Figure 3D ). Co-operative inhibitory effects of CDDO-Me and ponatinib were also seen in a clonogenic assay performed with primary samples obtained from 2 patients with CP-CML (Online Supplementary Figure S3) . Together, these results suggest that CDDO-Me augments the anti-neoplastic effects of BCR-ABL1 TKI in CML cells, including LSC. 
CDDO-Me plus BCR-ABL1-targeting TKI induce simultaneous inhibition of STAT3 and STAT5 in CML cells
We next asked for mechanisms underlying the synergistic effect of the drug combinations (CDDO-Me plus BCR-ABL1-targeting TKI) applied. In particular, we examined potentially involved BCR-ABL1-dependent targets, including STAT5, ERK, the S6-ribosomal protein and JAK2, and the BCR-ABL1-independent target STAT3. As expected, ponatinib was found to modulate p-CRKL, p-ERK, p-JAK2, p-S6 and p-STAT5 expression in CML cells, but did
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haematologica | 2017; 102(9) Figure S5) . By contrast, CDDOMe was found to inhibit p-STAT3, p-JAK2 and p-S6, but did not block phosphorylation of CRKL, and produced only a slight effect on p-STAT5 expression ( Figure 4A and Online Supplementary Figure S5) . Only the combination of both compounds resulted in complete de-phosphorylation of both STAT3 and STAT5. This may explain the synergy between CDDO-Me and BCR-ABL1-targeting TKI. To further validate this hypothesis, shRNAs against STAT3 and against STAT5 were employed. shRNA inducedknockdown of STAT3-and STAT5-protein expression was confirmed by Western blotting ( Figure 4B ). shRNA directed against STAT3 was found to sensitize CML cell lines against nilotinib, dasatinib, and ponatinib, as well as against the more specific STAT5-inhibitor AC-3-019 ( Figure 4C ). Moreover, we were able to show that shRNAmediated STAT5 knockdown enhances the effects of CDDO-Me, although the combination effect was additive rather than synergistic ( Figure 4D ). Together, these data suggest that simultaneous inhibition of STAT3 and STAT5 is a potent approach to block growth and survival of (TKIresistant) CML cells. In order to confirm the role of STAT3 as a target of CDDO-Me, the effects of STAT3 overexpression in K562 cells was examined. We found that overexpression of STAT3 or STAT3 D661V results in relative resistance against CDDO-Me, confirming that STAT3 serves as a functionally relevant target in leukemic cells (Online Supplementary Figure S5 ).
The HO-1 inhibitor SMA-ZnPP sensitizes CML cells against CDDO-Me and TKI
Recent data suggest that CDDO-Me does not suppress all survival factors in CML cells. 30 Indeed, HO-1, a survival factor with anti-apoptotic activity in CML cells, has been described to be up-regulated by CDDO-Me, 30 a fact that can best be interpreted as a "tumor-escape mechanism". 36, 45 CDDO-Me led to an upregulation of HO-1 protein expression in KU812, KCL22, and BCR-ABL1 + Ba/F3 cells, confirming previous observations ( Figure 5A ). 30 We therefore combined CDDO-Me with the HO-1 inhibitor SMA-ZnPP. Indeed, SMA-ZnPP was found to sensitize CML cell lines against CDDO-Me as evidenced by Figure  S6) . Finally, we asked whether a triple-combination, including CDDO-Me, a BCR-ABL1 TKI (dasatinib or ponatinib), and SMA-ZnPP, would further enhance drug effects. In these experiments, we incubated KU812 and Ba/F3p210 T315I/F311L cells with low doses of 3 compounds, either as single agents or in combination. The anti-proliferative effect of the triple-combination was superior to single drug-or 2-drug combinations ( Figure 5E ). These observations suggest that the triple combination "CDDOMe+TKI+SMA-ZnPP" exerts strong anti-neoplastic effects in CML cells.
Discussion
Despite the availability of novel potent BCR-ABL1 TKI, drug resistance develops frequently and remains a major challenge in the treatment of CML. 7, 8, 13 Important mechanisms underlying drug resistance are intrinsic stem cell resistance, 42, 43 BCR-ABL1 mutations, including compound mutations, 7, 8, 13 and additional, BCR-ABL1-independent, signaling pathways and molecules. Among these are the JAK-STAT pathway, the RAS-RAF-MEK pathway, and several different survival-related molecules. [16] [17] [18] [19] [20] We report here that BCR-ABL1 TKI co-operate with the STAT3-inhibitor CDDO-Me in producing growth inhibition and apoptosis in drug-resistant CML cells. This combination blocked most of the relevant signaling and survival molecules in CML cells, except HO-1, a survival molecule that is even up-regulated upon exposure to CDDO-Me in leukemic cells. In line with this observation, the HO-1 blocker SMA-ZnPP further augmented the anti-leukemic effects produced by the combination CDDO-Me+TKI in CML cells.
Recent data suggest that CDDO-Me-targets play a major role in the survival and growth of neoplastic cells in solid tumors and leukemias. [21] [22] [23] [24] [25] [26] 30, 46 In the present study, CDDO-Me was found to inhibit the proliferation of TKIsensitive and TKI-resistant CML cells and of Ba/F3 cells exhibiting various BCR-ABL1 mutations, including compound mutations involving T315I. This finding is of interest since such T315I + compound mutations of BCR-ABL1 often confer resistance against all available TKI, including ponatinib. IC 50 -values were low (<0.5 mM) in all cell lines tested, without major differences between TKI-sensitive and TKI-resistant cells. Similar observations were made using primary CML cells obtained from newly diagnosed or heavily pre-treated patients with BCR-ABL1 + CML. Finally, we were able to show that CDDO-Me inhibits the proliferation of CD34 + /CD38 − CML stem cells and CD34 + /CD38 + CML progenitor cells at pharmacologically meaningful concentrations. All these data suggest that CDDO-Me may be an interesting drug for patients in whom neoplastic cells have lost sensitivity to 2 nd -or 3 rd -line TKI. The fact that CDDO-Me was found to inhibit the proliferation of TKI-resistant cells in all cell lines and all patients tested, suggests that no "cross-resistance" between TKI and CDDO-Me occurs. This was not surprising since CDDO-Me does not recognize BCR-ABL1, but inhibits cell proliferation by blocking other signaling pathways and molecules, such as STAT3.
Previous studies have shown that CDDO-Me inhibits STAT3 activation in various neoplastic cells. 23, 24 In the present study, we were able to confirm that CDDO-Me blocks STAT3 activity in CML cells. By contrast, CDDO-Me did not suppress STAT5 activation. Recent data suggest that STAT3 plays an essential role in the survival of CML cells, [32] [33] [34] an observation that is of particular interest in light of the fact that ponatinib exerted only weak effects on STAT3 activity in the CML cell lines K562 and KCL22 in this study. We therefore asked whether a combination consisting of CDDO-Me and a BCR-ABL1-targeting TKI would result in synergistic growth inhibition. Indeed, we were able to demonstrate that CDDO-Me synergizes with imatinib and with the 2 nd -and 3 rd -generation BCR-ABL1 TKI applied in inhibiting growth of CML cells. These effects were seen in TKI-sensitive as well as TKIresistant CML cells, suggesting that these combinations may be an attractive therapeutic approach in advanced CML. In this regard it is worthy to note that the drug combinations applied were also found to exert strong co-operative inhibitory effects on growth of primary blast cells Combined targeting of STAT3 and STAT5 in CML haematologica | 2017; 102 (9) obtained from a patient with mixed myeloid/lymphoid BP and in one with Ph + ALL. Since STAT3 and STAT5 may differentially contribute to the pathogenesis of myeloid and lymphoid BP in CML, it may be of importance to block both pathways to keep all PB-associated (lymphoid and myeloid determined) sub-clones under control in these patients.
Recent data have shown that CDDO-Me enhances the expression of HO-1 in various neoplastic cells, including CML cells. 30 HO-1 is a stress molecule that contributes to drug-resistance and "tumor escape mechanisms" in various malignancies, including CML. 35, 36, 45 We therefore hypothesized that pharmacological suppression of HO-1 could potentially enhance the effects of CDDO-Me and also augment the effects of the combination "CDDOMe+TKI" on malignant proliferation in CML cells. We therefore combined the HO-1 inhibitor SMA-ZnPP with CDDO-Me or with the 2-drug combination "CDDOMe+TKI". Addition of SAM-ZnPP was indeed found to augment CDDO-Me effects, and the "3-drug-combination" applied was found to exert superior anti-neoplastic effects compared to single agents or the "2-drug-combination". This finding can best be explained by the fact that up-regulated HO-1 protects CML cells against druginduced growth inhibition and apoptosis, and that this protective effect is eliminated by exposure to SMAZnPP. 36, 45 This concept is also in line with our previous observations. 36, 45 Recently, CDDO-Me has been introduced in clinical trials in patients with solid tumors and lymphomas, as well as in patients with diabetes mellitus and renal failure. A limited number of trials have been completed so far, and only very few results are available. [27] [28] [29] 47 In patients with malignant diseases, CDDO-Me was well tolerated. 29 However, other trials have shown that CDDO-Me can cause severe cardiotoxic side effects, especially in patients with diabetes mellitus. 47 These observations have to be taken into account before CDDO-Me can be developed further in patients with CML, especially when combined with nilotinib or ponatinib, both of which can also produce cardiovascular side effects. [48] [49] [50] An additional concern may be drug-induced cytopenia. In fact, higher concentrations of CDDO-Me did not only inhibit growth of CML cells but also growth of normal BM cells. On the other hand, we expect that the application of such drug combinations will permit significant dose reductions of individual agents, thereby decreasing or even eliminating the risk of development of severe side effects. Indeed, we found that the drug combinations CDDO-Me+ponatinib, CDDO-Me+SMA-ZnPP and CDDO-Me+SMA-ZnPP+ponatinib did not significantly inhibit the proliferation of normal BM cells.
Together, we demonstrate that drug combinations consisting of BCR-ABL1 TKI, CDDO-Me, and SMA-ZnPP, are most effective in inhibiting the proliferation and survival of TKI-resistant CML cells. The superior effects of these drug combinations are best explained by complete suppression of multiple triggers of proliferation and survival, including STAT3, STAT5, and HO-1. Whether this concept can be applied in patients with advanced CML remains to be determined in clinical trials.
